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526a Wednesday, March 9, 2011and changes in lipid-rhodopsin interactions by 2H NMR. The amount of MII
formed after photoactivation was determined by UV/vis spectroscopy and the
rate of transducin activation studied with a GTPgS-assay. At low rhodopsin
concentrations (1/300 and lower) rhodopsin appears to be predominantly mo-
nomeric. At rhodopsin/lipid ratios higher than 1/300, the level of oligomeriza-
tion increases in a highly cooperative fashion with concentration such that at
physiological concentrations rhodopsin is mostly oligomeric. Protein function
correlated tightly with rhodopsin oligomerization. Data on the influence of bi-
layer properties on the monomer - oligomer transition of rhodopsin and the rate
of transducin activation will be presented.
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Effects of Membrane Geometry on Voltage-Gated ion Channel Distribu-
tion Studied with a Model System
Sophie Aimon, Gilman Toombes, Domanov Yegor, Patricia Bassereau.
Institut Curie, paris, France.
Voltage-gated ion channels are inhomogeneously distributed between the
highly curved axons and distal dendrites and the relatively flat soma and prox-
imal dendrites. To investigate the effects of membrane geometry on channel
distribution and diffusion, we developed a model system based on membrane
nano-tubes connected to cell-sized Giant Unilamellar Vesicles (GUVs).
KvAP, a bacterial analog of eukaryotic Kv channels [1], was purified, fluores-
cently labeled and reconstituted into GUVs. Channel density and homogeneity
in GUVs were quantified via confocal microscopy while patch-clamp was used
to measure the activity of the reconstituted channels. To study the effect of
membrane curvature, we pulled a membrane nano-tube from a GUV and could
set the tube radius between 10 nm and 200 nm by varying the tension of the
GUV membrane. The concentrations of channels in the tube and GUV were
measured via confocal microscopy while diffusion was measured by tracking
individual channels labeled with quantum dots. As the tube radius decreased,
the channel concentration increased while the diffusion coefficient decreased.
Results obtained with this model system should give insight into the diffusion
of membrane proteins into and out of synaptic boutons.
[1] Ruta et al., Nature 2003, 422 : 180-185.
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The Role of Cardiolipin Domains in Protein Localization in Bacterial Cells
Lars D. Renner, Douglas B. Weibel.
University of Wisconsin Madison, Madison, WI, USA.
A central question in cell biology is how the spatial organization of machinery
within the cell is established, maintained, and replicated in response to external
stimuli. In Eubacteria, our understanding of the spatial and temporal organiza-
tion of proteins is beginning to take shape. Many proteins localize to regions of
rod-shaped bacterial cells that are characterized by a high intrinsic curvature
(e.g. the poles). Recent data suggested that there are geometric cues for the lo-
calization of proteins and lipids in bacteria. We present data testing the hypoth-
esis that membrane anisotropy at highly curved regions of the cell wall leads to
protein localization. This research takes a top-down approach that focuses on
a combination of in vivo and in vitro experiments with Escherichia coli cells.
To study the response of lipids to the geometry of the cell wall in vitro, we
have developed a technique for controlling the curvature of bacterial cells using
microstructured polymers and quantitatively measuring the spatial localization
of lipids in the resulting membranes. This approach allows to engineer an ‘ar-
tificial’ pole with a user-defined curvature into the E. coli inner membrane and
to measure the spontaneous localization of lipids and polar proteins to this re-
gion of the cell. Using this approach we have determined that a critical radius of
curvature of ~1.3mm-1 is required to drive the formation of cardiolipin-rich do-
mains in the membrane. We have observed that the bacterial division protein
MinD localizes to regions of high curvature and co-localizes with cardiolipin
domains. Our data provide support for the curvature hypothesis as a general
mechanism for regulating spatial organization in bacterial membranes. This re-
search is expanding our understanding of Eubacteria and provides insights into
the spatial and temporal dynamics of membranes relevant to cell biology.
Platform BD: Protein-Ligand Interactions
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Protein Affinity Pattern Calculations using Protein-Fragment Site Identi-
fication by Ligand Competitive Saturation (SILCS)
E. Prabhu Raman, Wenbo Yu, Alexander D. MacKerell Jr.
University of Maryland, Baltimore, MD, USA.
We demonstrate the applicability of a computational method, Site Identification
by Ligand Competitive Saturation (SILCS) to identify regions on a protein sur-
face with which different classes of functional groups interact. The method in-
volves MD simulations of a protein in an aqueous solution of chemically
diverse small molecules. In the present application, SILCS simulations are per-formed with an aqueous solution of 1 M benzene and propane to map the affin-
ity pattern of the protein for aromatic and aliphatic functional groups. In
addition, water hydrogens and oxygen serve as probes for hydrogen bond donor
and acceptor functionality, respectively. The method is tested using a set of pro-
teins for which crystal structures of complexes with several high affinity inhib-
itors are known. SILCS simulations are performed for these proteins and the
affinity pattern is obtained as 3D probability distributions of fragment atom
types on a 3D-grid surrounding the protein called ‘‘FragMaps’’. Good agree-
ment is obtained between FragMaps of each type and the positions of chemi-
cally similar functional group in inhibitors as observed in the Xray
crystallographic structures. For proteins for which inhibitor decoy sets are
available, we demonstrate the statistical significance of the SILCS predictions
by showing a significantly higher degree of overlap of the ligand atoms in the
experimental conformation with the FragMaps. For a few test cases, we corre-
late the extent of overlap of the ligand functional groups with FragMaps to the
experimental binding affinities. SILCS is also shown to capture the subtle dif-
ferences in protein affinity across homologs, information which may be of util-
ity towards specificity-guided drug design. Taken together, our results suggest
that SILCS can recapitulate the location of functional groups of bound inhibi-
tors, suggesting that the method may be of utility for rational drug design.
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CHARMM Additive All-Atom Force Field for O-Glycan and N-Glycan
Linkages in Carbohydrate-Protein Modeling
Sairam S. Mallajosyula1, Olgun Guvench2, Alexander D. MacKerell Jr.1
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TheO-glycosidic and N-glycosidic linkages are important proteinmodifications
in which oligosaccharides are linked to Ser/Thr and Asn residues, respectively.
These linkages involve the anomeric carbon of the carbohydrates and the
alcoholic side groups of Ser/Thr or the amide group of the Asn side chain. The
O- andN-glycosidic linkages are ubiquitous in biological systems including gly-
coproteins like mucin, epidermal growth factor (EGF), domains of different se-
rumproteins andNotch receptors, amongmany others, where the presence of the
carbohydrate moiety is important for the biological functions of the proteins.
In an ongoing effort to develop the CHARMM all-atom additive carbohydrate
force field we present and validate parameters that will enable the modeling of
the O- and N-glycosidic linkages. The parameters represent an extension of the
existing CHARMM carbohydrate and protein force fields.1-2 The target data
for the optimization process included quantum mechanical (QM) potential en-
ergy scans of the torsions involved in the glycosidic linkages. Force field val-
idations included comparison of the intermolecular geometries for the QM and
crystal studies, comparison of the crystalline unit-cell properties and experi-
mental NMR J-coupling constants. The optimized parameters were then used
to rationalize the differences between the Ser and Thr O-glycan linkages using
a Hamiltonian Replica Exchange protocol (HREX). We found that the solvent
structure closely governs the linkage geometry due to the involvement of
bridged waters between the carbohydrate and protein regions.
(1) Guvench, O.; Hatcher, E. R.; Venable, R. M.; Pastor, R. W.; Mackerell, A.
D. J. Chem. Theory Comput 2009, 5, 2353-2370.
(2) Guvench, O.; Greene, S. N.; Kamath, G.; Brady, J. W.; Venable, R. M.;
Pastor, R. W.; Mackerell, A. D. J. Comput. Chem. 2008, 29, 2543-64.
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Sargis Simonyan, Nadja Hellmann.
Institute for Molecular Biophysics, Mainz, Germany.
Cooperativity is a regulation mechanism of protein function which is defined by
equilibrium binding properties, namely the shape of the oxygen binding curve.
This sigmoid shape is the consequence of the existence of different conforma-
tions which differ in ligand and effector binding affinity.
Positive cooperativity also leads to characteristic behavior in the kinetics of li-
gand binding and dissociation. Oxygen dissociation from hemocyanins is typi-
cally ‘‘auto-catalytic’’ since the off-rate for oxygen is slower for the initial
high affinity state than for the final low affinity state. The relative change of
the off-rate at the beginning of the reaction compared to the final phase might
serve as a measure for kinetic cooperativity. We compared the oxygen dissoci-
ation kinetics of 6 different arthropodhemocyanins. Themodulation of the kinet-
ics by allosteric effectors in most cases is what might be expected, leading to an
increased rate for negative effectors and an decreased rate for positive effectors.
A rather unexpected finding was the mostly linear change in apparent rate of
dissociation with decreasing saturation degree. Simulations based on the
MWC-model showed that the observed relationship between off-rate and satu-
ration degree is typical for relatively slow conformational transitions and not-
too-large allosteric equlibrium constants. It can be shown that under the condi-
tions employed here (high cooperativity) the maximal increase in the off-rate is
Wednesday, March 9, 2011 527alimited by the size of the allosteric unit and not by the off-rate from the T-state.
Thus, one driving force for the development of large allosteric units might be an
increased plasticity in terms of modulation of ligand dissociation rates.
This work was supported by DFG (N.H.)
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Multiscale Simulation of Intra-Protein Communication
Jordi Silvestre-Ryan, Jhih-Wei Chu.
University of California, Berkeley, Berkeley, CA, USA.
We develop a new computational framework to model intra-protein communi-
cation. The configurations sampled in atomic molecular dynamics trajectories
are used to compute bond lengths and force constants in an elastic network ap-
proximation of the distribution of protein structures. To go beyond the harmonic
approximation, a key novelty is to compute model parameters in consecutive
time windows with a user-specified size to follow the time evolution of the me-
chanical coupling networkof protein conformation. In analogy to spectrogramof
sound waves, sequential elastic network models calculated from atomic trajec-
tories are termed the fluctuogram of protein dynamics. By analyzing and com-
paring the fluctuograms of Ca2þ-bound and apo subtilisin, we illustrate that
intermittent conformational changes and mechanical coupling variation are im-
portantmechanisms of intra-protein communication.We also show that the fluc-
tuogram can be used to predict residues with high tendency to co-evolve by
comparing with the results of statistical coupling analysis of amultiple sequence
alignment. In addition to the strength of mechanical coupling, we found that the
fluctuation of inter-residue force constants is also an important descriptor for co-
evolution. Together, the results of this work (a) reveal the intermittent nature of
conformational changes and the mechanical coupling variation, (b) show that
intra-protein communication can proceed without a drastic change of protein
structure and the pathways of which can be identified by the fluctuogram, and
(c) support the theory that mechanically coupled residues tend to co-evolve.
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Enhancing Allosteric Response in Thermus Thermophilus Phosphofructo-
kinase
Maria Shubina-McGresham, Gregory D. Reinhart.
Texas A&M Univ, College Station, TX, USA.
Phosphofructokinase (PFK) from an extreme thermophile, Thermus thermophi-
lus (TtPFK), exhibits 17-fold stronger binding to its inhibitor, PEP, and 34-fold
weaker coupling between the binding of PEP and substrate, Fructose-6-
phosphate (F6P), when compared at 250C to the PFK from another thermo-
phile, Bacillus stearothermophilus (BsPFK). BsPFK is 57% identical in se-
quence. Since no 3-dimensional structural information is available for
TtPFK, we turned to the crystal structures of BsPFK in search for the possible
explanation. There is a network of residues, D59, T158, and H215, that leads
from the allosteric site to the nearest active site, and that undergoes a significant
rearrangement when PEP binds to free enzyme. In the apo form of BsPFK,
H215 forms a hydrogen bond with T158. In the inhibitor-bound form, T158
is further removed from the allosteric binding site, and D59 forms a hydrogen
bond with H215. In TtPFK these interactions are not possible due to nature of
residues at these positions: N59, A158, and S215. We hypothesized that recre-
ating this network of residues would strengthen the coupling between the PEP
and F6P binding in TtPFK. Single amino acid substitutions at each of these po-
sitions resulted in some increase in binding free energy. The three combinations
of double mutations produced a more significant increase in coupling free en-
ergy, which appeared in each case to be roughly the sum of the changes in cou-
pling free energy produced by the individual mutants. Interestingly, the level of
coupling attained by introducing all three mutations is similar to that seen in
BsPFK, and the binding affinity of PEP was weakened to the level exhibited
by BsPFK (DGay = 3.9850.03 kcal/mol, DGy = 5.6150.01 kcal/mol). Sup-
ported by NIH grant GM33216 and Welch Foundation grant A1548.
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Structural and Thermodynamic Origins of Ligand Specificity in Homolo-
gous PDZ Domains from the Tiam-Family of Guanine Exchange Factors
Ernesto J. Fuentes, Tyson R. Shepherd.
University of Iowa, Iowa City, IA, USA.
PSD-95/DlgA/ZO-1 (PDZ) domains are among the most abundant protein-
protein interaction domains in the human proteome and typically bind the 4-
10 most C-terminal residues of its interaction partner with exquisite specificity.
To investigate the origin of this specificity, we used two homologous PDZ do-
mains from the Tiam-family of GEFs that have distinct but overlapping specific-
ity for ligands. TheTiam1PDZdomain binds 8-residue longC-terminal peptides
derived from the proteins Syndecan1 and Caspr4 with micromolar affinity but
does not bind Neurexin1. In contrast, the Tiam2 PDZ domain binds to peptides
derived from Caspr4 and Neurexin1 with low micromolar affinity but not Syn-
decan1. Analysis of the X-ray crystal structure of the Tiam1 PDZ domain bound
to a ‘‘model’’ peptide shows two specificity pockets created by four residues inthe Tiam1 PDZ domain. Moreover, comparison of nuclear magnetic resonance
(NMR) titrations of the Tiam1PDZdomainwith the Syndecan1 andCaspr4 pep-
tides showed substantial differences in the changes in chemical shift in these res-
idues. Sequence comparison of Tiam-family PDZ domains revealed that these
residues are not conserved, further suggesting that they play a role in establishing
ligand specificity. Double mutant cycle analysis of residues in these two pockets
revealed ligand-dependent cooperativity, supporting their role in specificity is li-
gand specific. Remarkably, substitution of all four residues in the Tiam1 PDZ
domainwith the amino acids found in the Tiam2PDZdomain switched the spec-
ificity to that of Tiam2. Collectively, our data suggest that Tiam-family proteins
have highly evolved PDZ-ligand interfaces with distinct specificities, and that
they have disparate PDZ-dependent biological functions.
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The Binding Energetics of a T-Cell Receptor Show a Bias Toward the
Conserved Antigen Presentation Molecule, HLA
Kurt H. Piepenbrink, Brian M. Baker.
The University of Notre Dame, Notre Dame, IN, USA.
T-cell receptors (TCRs) are heterodimeric receptors on the surface of T-cells
with Complementarity Determining Region (CDR) loops similar to immuno-
globulins. Their ligands are peptides presented by Major-Histocompatiblity
Complexes (MHCs) on the surface of most nucleated cells. The TCR binds to
an MHC presenting an antigenic peptide with a dramatically stronger affinity
than MHCs presenting ‘‘self’’ peptides despite the fact that the majority of the
interface is conserved between the two. To assess the energetic contributions
of different portions of the TCR-pMHC interface, we quantify the contributions
to binding of the side-chain contacts between the residues at the interface through
alanine double-mutant cycles. The interaction energy between those residues is
defined as native free energy change minus the free energy changes of the two
single mutants, plus the free energy change of the double-mutant; ddGoint =
dGo(Xwt-Ywt) - dGo(Xz->a-Ywt) - dGo(Xwt-Yz->a) þ dGo(Xz->a-Yz-
>a). Our results for the A6 TCR and the tax9 peptide show that contrary to
expectations, the contacts between the central CDR3 loops and the peptide do
not have a unique energetic importance, but CDR3a has a ‘‘hot-spot’’ ~3 kcal/
mol interaction with the MHC, HLA-A2. This interaction motif between a posi-
tively charged residue in the a1 helix of the MHC and a negatively charged res-
idue in the CDR3a loop appears to be commonly utilized based on a comparison
of TCR-pMHC x-ray crystal structures. Additionally, CDR1a and b both make
significant hydrogen bonds to the peptide. These data show that the energetic ba-
sis for T-cell recognition is not parsed into recognition of the peptide by CDR3
and the MHC by CDR 1 and 2 but rather that TCRs bind a composite interface.
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Structural Basis of Ligand Recognition by the Tollip C2 and CUEDomains
Sharmistha Mitra, Gayatri Ankem, Urmila Maitra, Iriscilla Ayala,
Anna C. Moreno, Derrick Zhang, Hugo F. Azurmendi, Carla V. Finkielstein,
Liwu Li, Daniel G. Capelluto.
Virginia Tech, Blacksburg, VA, USA.
Toll-like receptors (TLRs) provide a mechanism of host defense responses by
activating the innate and adaptative immune responses. Subsequent down-
stream events result in the recruitment of one or more adaptor proteins, a pro-
cess mediated by the cytosolic tail of TLRs. These protein-protein interactions
promote the activation of the interleukin-1 receptor-associated kinases (IRAKs)
1, 2, M, and 4 that act upon their transcription factor targets to influence the
expression of genes involved in the innate immune response. The Toll-
interacting protein (Tollip) controls IRAK function in the TLR signaling path-
way. Tollip presents an N-terminal Tom1-binding domain, a central C2 do-
main, and a C-terminal coupling of ubiquitin to endoplasmic reticulum
degradation (CUE) domain. We found that the Tollip C2 domain preferentially
interacts with phosphoinositides including phosphatidylinositol 3-phosphate
(PI3P) and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) in a calcium-
independent manner. NMR and lipid-protein overlay analyses suggest that
PI3P and PI(4,5)P2 share the same binding site in the protein. Kinetic analysis
reveals that the Tollip C2 domain reversibly binds PI3P and PI(4,5)P2 with af-
finities in the low micromolar range. Mutational analysis identifies key
phosphoinositide-binding basic residues in the Tollip C2 domain located in
a flexible region nearby the beta-groove. The CUE domain binds ubiquitin, al-
though the biological consequences of the association as well the molecular ba-
sis of the interaction are unknown. Using NMR spectroscopy, we have
identified the Tollip CUE domain residues that recognize ubiquitin as well as
the ubiquitin residues that bind to the Tollip CUE domain. Structural and kinet-
ical analyses suggest that a dimeric Tollip CUE domain forms a complex with
ubiquitin in conserved binding pockets with nanomolar affinity. Overall, our
findings will provide the basis to understand how Tollip is intracellularly par-
titioned in a ligand-dependent manner and how these interactions modulate
TLR signaling.
